The aim of this report is to present a model of a rigid-rotor system based on computational fluid dynamics (CFD), which is applied on a vertical axis wind turbine (VAWT) research. Its originality results from the use of the average value of the variable rotational speed method taken in a periodic steady-state (PSS) of the VAWT rotor instead of the classical fixed rotational speed method. This approach was chosen in order to determine the mechanical and aerodynamic parameters of the wind turbine. The modeling method uses an implicit Euler iterative solution strategy which resolves the coupling between fixed and moving rotor domains. The main methods that were adopted are based on the three-dimensional modeling of the interaction of the fluid flow with a rigid-rotor. The strategy consists of using the Reynolds averaged Navier Stokes (RANS) equations with the standard k-" and SST k-! models to solve the fluid flow problem. To perform the rigid-rotor motion in a fluid, the one degree of freedom (1-DOF) method was applied. In the present study, the steadystate and dynamic CFD simulations of the Savonius rotor are adopted to contribute to the validation elements of the VAWT models that are used. The dynamic study allows the investigation of the rotor behavior and the relation between velocity, pressure, and vorticity fields in and around the rotor blades. The flow fields generated by the rotation of the Savonius rotor were investigated in the half revolution period of the rotor angle ✓ from 0 to 180 deg. In this range of ✓, the focus is on generating and dissipating vortices.
The Savonius rotor is a vertical axis wind turbine (VAWT) that was originally invented by the Finnish engineer Sigurd J.
Savonius in 1922 [1] . The concept of a Savonius rotor consists of the principle formulated by Anton Flettner and Savonius [1] . It is formed by two semi-circular blades where the main axis is perpendicular to the wind direction and it accepts wind with any incidence without loss of performance. The Savonius rotor's operation is based on the differential drag between its two blades. The drag is the resistance generated by the fluid on the Savonius rotor blades and vice versa. Chauvin and
Benghrib [2] studied the lift and drag coefficients of a Savonius rotor with a tip speed ratio ranging from 0.2 to 1. They found that the drag coefficient of this rotor is always negative and the lift coefficient is negative for a low value of .
The Savonius rotor is usually considered to be a drag machine, but Modi and Fernando [3] and Kamoji et al. [4] defend that it is a combination of a lift and a drag machine. Hence, at low angles of attack, the lift force contributes to torque production [4] . The Savonius rotor is a slow running VAWT that starts at low wind speeds of 2 to 3 m/s. A large number of investigations have been conducted to identify the aerodynamic parameters of this wind turbine. Le Gourières [5] studied the geometrical parameters that affect the low efficiency of the basic Savonius rotor of 20 %. One of these parameters is the rotor aspect ratio ↵ [1, 5] . For the conventional Savonius rotor of Ushiyama and Nagai [6] , it was suggested that ↵ = 4. This rotor can reach a maximum power coefficient C p of 30 % and an average static torque coefficient Cm of 33 %, with a rotor overlap ratio between 0.2 to 0.3 [6] . In a two-dimensional study of a conventional rotor, Menet et al. [7, 8] found that the optimal value of is 0.242. Before the Ushiyama and Nagai [6] investigations, Blackwell et al. [9] performed several tests on the geometrical parameters of the Savonius rotor. Blackwell et al. [9] studied the performance of fifteen configurations of a Savonius rotor in wind tunnel conditions. The study by Blackwell et al. [9] varied the dynamic torque C t and the power cofficient Cp as functions of the tip speed ratio , the rotor overlap ratio , and the Reynolds number Re. The C p obtained by the three-blade Savonius rotor was 0.18 at = 0.10. For the same , the maximum dynamic torque coefficient C t obtained with a two-blade Savonius rotor is 0.35. They pointed out that increasing the Re number intensifies the performance of the Savonius rotor. The three-bladed Savonius rotor is known for its good starting torque [10] . Blackwell et al. [9] recommended the use of a Savonius rotor with two-blades and a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 between 0.1 to 0.5 [6] . The Savonius rotor of Run 35 and 37 of Blackwell et al. [9] was used in the present study because the uncertain analysis of the C t and Cp curves was measured in their experiments. The rotors used both cases tests are identical. The research based on the two-stages Savonius rotor shows that the starting torque coefficient of the rotor is never negative and it presents a good angular stability of the dynamic torque M t [11] . To clarify the effect of on the flow mechanism, Fujisawa studied the flow fields in and around Savonius rotors at various in a water channel. Fujisawa compared the obtained experimental results with a two-dimensional numerical study using the discrete vortex method [12] . The numerical investigations made by Fujisawa assumed that the studied problem was a high Reynolds number
flow. Fujisawa concluded that the two-dimensional simulation approach of the flow is not valid. The numerical study of a Savonius rotor had to be run in a three-dimensional approach to have a better representation of the three-dimensional vortical structures around the rotor [12] . The importance of the three-dimensional properties of the fluid flow in a case of a Savonius rotor bring us to lead this study in three-dimensions.
Wind energy problems involving airflow in and around a VAWT have traditionally been studied through wind tunnel testing facilities [3, 9] . Computational Fluid Dynamics (CFD) techniques were used instead of a wind tunnel in order to make tests for several reasons. Wind tunnel experiments are expensive and the techniques used to visualize the flow fields are costly.
It was suggested that the CFD methods predict the flow around a VAWT rather accurately for the objectives of this work [13] .
The aims of this article are:
• To validate the developed numerical models based on the steady-state CFD simulation analysis and a solid-fluid coupling;
• To develop an approach to the study of a Savonius VAWT, which is based on the variable rotational speed method.
Few authors have opted for the variable rotational speed method applied to Savonius wind turbine modeling [14] . Indeed, the constant rotational speed method is more regularly used to study the Savonius wind turbine rotor [7, 15] . However, a variable rotational speed method allows the new creation of a real Savonius rotor rotation by integrating its governing equation. The internal region concept at the interface between the two computational domain regions used in the sliding mesh method will shortly be described. Steady-state and dynamic studies have been conducted with the standard k-" and SST k-! models. Experimental studies of the Savonius rotor are in keeping with the steady-state simulation results. The dynamic study allows the identification of the mechanical behavior of the Savonius rotor and the flow fields around it. The analysis of the three fields of velocity, pressure, and vorticity are discussed. Wind Energy   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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SIMULATION OF A VAWT
Numerical method
In this study, the three-dimensional RANS equations were discretized in the computational domain by the finite volume method. The time integration was calculated by the implicit Euler scheme. This integration gives a temporal variation of the dynamic parameters in the simulation using the 1-DOF method. Two turbulence models for RANS closure were implemented: the standard k-" and SST k-! models [16, 17] . The standard k-" model is also known as a two equation model and is derived from the linear eddy viscosity model. With the standard k-" model approach, two transport equations are used to solve the Reynolds stress tensor [16] . These two equations are respectively the transport equation for the kinetic energy k and the dissipation rate ". The standard k-" model is generally used to model a turbulent flow far from the wall [16] . The SST k-! is a hybrid model developed by Menter and based on the standard k-" and k-! models [17] .
The Menter's first interest was to improve the performances for adverse pressure gradient (APG) flows, which are found during a flow around a static bluff body, such as VAWT. The second aim was to solve the problem of spurious sensitivity to free-stream conditions [18] . Christopher and Susan [19] argue that the k-! model shows poor performance regarding the wall-bounded separated flows caused by the APG [20] . The improvements of the SST k-! approach in predicting many aeronautical flows motivate us to use this model in our study. For the standard k-" and the SST k-! models that were used, a log law function for smooth wall was used. For the classical two models, the maximum of the dimensionless wall distance y + is 5 at each simulation.
Modeling environment
Grid independence test
A mesh independence test was conducted for the steady-state and dynamic computational domains to improve the accuracy of the CFD results. These two computational domain meshes are then progressively refined until the observed physical quantities were stabilized. They were used to determine the rotor parameters in a steady and unsteady flow.
The two computational domains were meshed using Star-CCM+ software. The first one is used for a static simulation and requires a reasonable number of cells, in order to give consistent static values of moments M . The second one is used for the moving mesh methods. It is formed by internal and external grids. These two grids are separated by a fixed interface. The moving mesh methods is based on exchanging information at interfaces. The smooth wall boundary condition is assumed.
The near wall layers were prismatic elements with triangular bases. The length of the first layer from the blade surface was 5 approximately 0.005. Two layers of prismatic elements were used and less than 1.15 growth ratio. The maximum height of the cells around the walls of the Savonius rotor blades and endplates obtained for y + was 5. The value of y + depends on the spatial variations of the rotating flow near the wind turbine rotor wall and the turbulence models.
The mesh independence study is checked by comparing the static torque M loads on the rotor blades. Fine mesh results are obtained with Grids 1, 2, and 3 in Table I for the static computational domain cells. Fine mesh results are also obtained with Grids 1 and 2 for the dynamic computational domain cells. For a given simulation, the number of cells in the chosen computational domain is of great importance for accurate simulation results. This number of cells for grid independence was taken in Table I, 
Computational domain
The computational domain used in this study (see Figure 1 ) is a parallelepiped of 20 m ⇥ 10 m ⇥ 3 m with two regions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Blackwell et al. [9] have highlighted in their report that the Savonius rotor was made of aluminum alloy type 6060-T6. However, there are many different types of aluminum in which densities differ. The density ⇢ of material of rotor construction is equal to 2700 kg/m 3 . knowing ⇢, we chose to set the thickness ep of the rotor by an inverse method. The initial condition of this method was to fix one point on the experimental curve. The stopping criterion, which gives the thickness of the rotor e p, is substantially equal to 0.0021 m, is the convergence of the experimental and the numerical points to the same value. This choice is arbitrary, but this does not affect the continuity of the calculations. Indeed, the thickness and density are involved only to calculate the moment of inertia J and in particular, they are involved to calculate the mass of the rotor. It is necessary to know the moment of inertia J to carry out the integration of the equation of motion of the rotor. In this study, the thickness e p of the rotor is considered as artificial.
The steady-state studies of the Savonius rotor are independent of the rotor thickness e p. A ep of 0.01 m was considered. 
Boundary and initial conditions
The Reynolds number based on the rotor diameter D is given by
where Re is the Reynolds number, ⇢ is the air density, U is the free stream velocity, D is the rotor diameter and µ is the dynamic viscosity of the air.
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Computational methodology
In order to achieve the objectives of the study, the results of the three-dimensional steady-state and dynamic simulations were compared to experiments. The standard k-" and SST k-! models were used to predict the static torque coefficient C m, the dynamic torque coefficient, Ct and the power coefficient Cp.
Resolution methods
In this study, the steady-state simulation is solved by a direct method. The flow chart in Figure 3 is made of three main processes : the Fluid Resolution process, the Motion Resolution Process and the Mesh rotation process. In this section, the aerodynamic parameters and the formulation of the equation of motion for the VAWT rotor are analyzed. The present study was performed by using a CFD solver with steady-state and dynamic simulation capabilities [21] . The motion resolution of a Savonius rotor was obtained by the coupling of the fluid and rigid-rotor equations. This method applied to a two-dimensional numerical investigation of a Savonius rotor was initiated by D'Alessandro et al. [14, 22] . The method was used in the present study to lead a full three-dimensional numerical investigation of a Savonius rotor. The implicit Euler scheme was used for the dynamic simulation as it is numerically stable in comparison to other schemes. Figure 3 gives the flow chart of the dynamic studies of the Savonius rotor.
In Figure 3 , the rotor angle ✓ and the rotational velocity ! parameters have been initialized by ✓ 0 and !0. At a time t,
these two parameters are obtained by the integration of Eq. (7) and are carried out in the Motion Resolution process of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Mt are low and vice-versa. ! and Mt of this study are in close link with the weight of aluminum. This stopping criterion is called a periodic steady state (PSS), a state in which all the respective wind turbine rotor dynamic parameters remain stable over a given period. The time step t of the study is invariable for a particular dynamic simulation, but changes according to the intensity of M f were applied to the wind turbine rotor at each simulation.
In this section, we have to determine the static torque coefficient C m, the dynamic torque coefficient Ct and the power coefficient C p. They are the main VAWT parameters and their expressions are given by the following relations:
where A is the rotor projected area, D is the rotor diameter, U is a free stream velocity. M is the static torque, Mt is the dynamic torque and P is the aerodynamic power.
Equation of motion of the Savonius rotor
In this section, we give a numerical treatment of the rotor rotation in a fluid. By neglecting some motion of the rigidrotor, we reduced the complexity of the system to a 1-DOF problem. The rotor inertia tensor J is part of the equation of motion of the rigid-rotor and its expression is given below: 
where JOx, JOy and JOz are the main moments of inertia of the rotor. Jxy is the product of inertia of the rotor.
The equation of motion of the rigid-rotor is given by the following relation: 
where Mp corresponds to the moments of pressure, M⌧ is the moment of the viscous stresses, M f is the moment of external forces. f r is the ramping factor and it was applied to MOz and GOz on the body of the rotor. It was used to minimize the numerical shock caused by the coupling between structural and fluid dynamics at the start of the simulation [21] .
where t is the time. tr is the duration of the ramp. This kind of numerical strategy reduces the instabilities at the beginning of the simulations.
The specificity of the dynamic study compared to the steady-state study takes into account the rotor inertia tensor J and the rotor angular acceleration✓ in problem formulation. Eq. (7) of the rigid-rotor is then solved at each time step t [21] .
The variation of the intensity of M p and M⌧ at each rotor angle ✓ influences the oscillation of ! curve in Figure 5 . ! and ✓ result from the integration of the rotor angular acceleration✓. ! and M t evolve according to the computational time T and the rotor angle ✓.
Time step
The time step t varies according to the minimal cell size of the computational domain, the rotor angular velocity ! and the CFL number. At each dynamic simulation, the stabilized ! was obtained in a PSS of the rigid-rotor by averaging the oscillations of !(t). The same method was used to determine the average value M t of the dynamic torque Mt(t). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The CFL is related to t, R, and ! parameters [23, 24] . The maximum CF L value should be low for the consistency of the simulation results [21] . 5 is the maximum value of CFL number that was obtained for the dynamic simulation and implicit Euler integration. CFL and y + are the two parameters that control the accuracy of simulation results.
Vortex identification
In dynamic simulations, the analysis of dynamic phenomenon that occurs during the Savonius rotor rotation requires a robust visualization method. Among the existing methods, Jeong and Hussain [25] have presented the 2 approach which describes the formation and destruction of the vortices through the Savonius rotor blades and endplates. The 2 method is based on two criteria : a vortex core must have a net vorticity and the geometry of the identified vortex core must be a Galilean invariant [26] . Taking the gradient of Navier-Stokes equations and decomposing them into a symmetric and an antisymmetric part, they derive the vorticity transport equation and the strain rate transport equation. The latter is represented as follows:
where pij is the hessian pressure, S the deformation rate tensor
and ⌦, the rotation rate tensor ⌦ij = 1 2 ✓ @ui @xj @uj @xi ◆ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 If the two eigenvalues of pij are positive, this indicates the presence of a minimum local pressure and corresponds to a vortical region [26] . Discarding the contribution of the unsteady irrotational straining and viscous effects in Eq. (10) allowed us to obtain a better contribution for the existence of a vortex [27] . Jeong and Hussain [25] have pointed out that the presence of a minimum pressure is the basis of the vortex identification technique, but that it is not a sufficient detection criterion for a vortex core in general. The two terms removed from Eq. (10) are considered to be the main cause of this inaccuracy [25, 27] . Jeong and Hussain define a vortex as a connected region where S 2 +⌦ 2 are two negative eigenvalues (S and ⌦ are respectively the symmetric and antisymmetric parts of the velocity gradient tensor ru). The tensor S 2 +⌦ 2 is symmetric and only admits real eigenvalues. If the eigenvalues are in the order of 1 > 2 > 3, the vortex identification criterion is equivalent to 2 < 0.
RESULTS AND DISCUSSION
In order to validate the VAWT model based on the fully coupled fluid rigid-rotor interaction, our numerical results were compared to the experimental investigations of Blackwell et al. [9] . The difficulty with the dynamic simulation comes from the important computational time T and the choice of the resolution methods that must be adopted. The integration of the rotation equation of the Savonius rotor gives information about its mechanical behavior. The analysis of the airflow and the vortex generation during the dynamic simulation allowed better understanding concerning the mechanism of the Savonius rotor rotation.
Steady-state study of the Savonius rotor
In this section of the present article, results of the steady-state three-dimensional CFD simulation were validated with the steady-state experimental data [9] . The static torque coefficient C m curve was obtained at different rotor angle ✓. ✓ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 angles, the convex surface of the retreating blade is much exposed to the wind incidence in comparison to the concave part of the advancing blade. The result of Cm curves between these two angles are negative. Therefore, the Cm curve takes often negative values between these ✓.
So, the shape, the maximums, and the minimums of the experimental C m curve are accurately predicted by the turbulence models that are used [9] . In Figure 4 , we can observe an improvement of both three-dimensional steady-state cases compared to a two-dimensional steady-state case. It also appears that, when comparing the SST k-! and standard k-" models, a better approximation of the experimental C m curve is obtained with the SST k-! model.
Dynamic study of the Savonius rotor
The dynamic study of the Savonius rotor gives the dynamic torque coefficient Ct curves and power coefficient Cp curve in Figures 6, 7 and 8 . These curves are obtained by the superposition of several PSS of the rotor. To define these curves, simulations were carried out in a range of moment of external forces M f in Tables II and III 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Generally, for each dynamic simulation, the rotor angular velocity ! of the rigid-rotor starts at 0 rad/s before reaching its PSS. Each rigid-rotor PSS corresponds to a specific !. The time step t was fixed by the dynamic torque coefficient of experimental data. The number of iterations at each t was set to 20 and the sub-iteration number for the 1-DOF solver must be higher than 10 to attest the convergence of the residuals. The convergence criteria imposed for all residual parameters of continuity, momentum, turbulent kinetic energy (Tke) and turbulent dissipation rate (Tdr) were fixed at The increase of the rotor angular velocity ! in Figure 5 corresponds to the decrease of its dynamic torque Mt. These two parameters oscillate around an average value of 14.67 rad/s and 2.6 Nm in their PSS. Figure 5 also shows that the SST 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 [14] on the dynamic torque M t have also been underlined in this study (see Figure 6 ). The present results show that the dynamic torque curves can have negative values depending on the rotor angle ✓. This is explained by the fact that, in Figure 5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the experimental C t curve with a small perturbation on the point corresponding to M f = -3.9 Nm [9] . From = 1.2 to the end, the C t curve of the standard k-" model underestimates the experimental Ct curve [9] . In this range of , the dynamic torque coefficient C t curve exceeds the margin of error. If we analyze the data in Tables II and III, The power coefficient Cp is an important parameter in a wind turbine study and it contributes to the wind turbine rotor design. A Savonius rotor is often designed for a tip speed ratio near 1 [5] . The optimum obtained by the present study is around 0.86. The C p curves of the standard k-" model, the SST k-! model, and the experimental data are close and have a common maximum of 0.21 [9] . From = 0 to 1, the C p curves of the standard k-" and the SST k-! models slightly overestimate the experimental C p curve, but they remain in the uncertain intervals except for = 0.21 [9] . From = 1 to 1.47, the C p curve obtained by the standard k-" model curve underestimates the experimental Cp curve, but it remains in the uncertain intervals [9] . The same behavior is observed for the SST k-! model. At maximum of 1.54, the power coefficient C p and the dynamic torque coefficient Ct curves obtained with this model tolerably overestimate the margins of error, but they remain interesting compared to those obtained with the standard k-" model. Figures 7 and 8 show that the C t and Cp curves obtained are in agreement with the experimental results. 
Analysis of the flow field
In the operation, the Savonius rotor generates a complex flow. Chauvin et al. [28] argued that, in their experiments in a water channel with this rotor, the retreating blade generates a turbulent wake and the advancing blade is the source of an intense trailing edge vortex rotating in the same direction as the rotor [29] . They also specify that the motive vortices occur twice per revolution [28] . Analyzing the physics of flow in the Savonius rotor revolution, it was deduced that the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 [28] are consistent with the numerical simulation of the vortex formation in and around the rotor. For this observation, the fluid flow study in this paper is restricted to a half-turn of the rotor. Figure 9 (a) shows the velocity field around a Savonius rotor taken at a rotor angle ✓ = 90 deg with a stagnation point on the extrados of the retreating blade. The 2 < 0 criterion of Jeong and Hussain [25] is the vortex analysis and the visualization method used here and, at this position, the emptying of the advancing blade vortices begins. This phenomenon can be seen in Figure 9 (c) in which the fluids expelled from the intrados of the advancing blade create a low pressure area at the trailing edge of the blade as shown in Figures 9(b) and 9(e). This phenomenon has already been studied by Aouachria [30] and he states that it is a result of the pressure drop between the intrados and extrados at the blade tip. The importance of this fact can be shown in Figure 9 Table IV . We can also see in this table that the v 0 = 0.33 of ✓ = 106 deg is close to the v 0 = 0.36 of ✓ = 265 deg. According to Figure 9 , the motive vortex period specified by Chauvin et al. [28] is in this range of ✓ = 0 deg to 180 deg and 180 deg to 360 deg. From the analysis of the vortex generated by the Savonius rotor rotation, we suggest that the swirling zone in and around the rotor partly comes in part from the low pressure formed by the vacuum created by the shear stress during its rotation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The validation results show that both models that were used have difficulties in predicting the high rotor angular velocity.
CONCLUSIONS
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